We demonstrate how variable temperatures, mediated by host thermoregulation and behavioural fever, critically affect the interaction between a host (the desert locust, Schistocerca gregaria) and a pathogen (the fungus Metarhizium anisopliae var. acridum). By means of behavioural thermoregulation, infected locusts can raise their body temperatures to fever levels. The adaptive value of this behaviour was examined using three thermal regimes wherein maximum body temperatures achievable were: (i) below, or (ii) at normally preferred temperatures, or were (iii) unrestricted, allowing heightened fever temperatures. All infected locusts ultimately succumbed to disease, with median survival times of 8, 15 and 21 days post-infection, respectively. Crucially, only those locusts able to fever produced viable offspring. This represents, to our knowledge, the first demonstration of the adaptive value of behavioural fever following infection with a naturally occurring pathogen. By contrast, although normal host thermoregulation moderately reduced pathogen reproduction (by 35%), there was no additional negative effect of fever, resulting in an asymmetry in the fitness consequences of fever for the host and the pathogen. The dependency of the hostpathogen interaction upon external abiotic conditions has implications for how virulence and resistance are treated both theoretically and in the management of pests and diseases.
INTRODUCTION
While there is a body of theory which considers adaptive changes in host resistance and pathogen or parasite virulence over evolutionary time-scales, the general assumption is that, over ecological time-scales, resistance and virulence are fixed at the onset of the interaction (Bull 1994; Ewald 1994; Frank 1996; Kraaijeveld et al. 1998; Fenner & Fantini 1999; Dieckmann et al. 2002) . This assumption is challenged by empirical evidence that resistance or virulence may change during an ecological interaction due to intrinsic changes in the state of one of the organisms (Taylor & Read 1997; Pels & Sabelis 1999; Sokurenko et al. 1999; De Jong & Janss 2002) . Meanwhile, extrinsic biotic and abiotic factors are generally viewed as 'setting the scene' for the interaction rather than having any explicit role once it is underway (Steinhaus 1960 ; Lewis & Tumlinson 1988; Karban & Myers 1989; Agrawal et al. 1999; Tollrian & Harvell 1999; Elliot et al. 2000) . As a result, the effect of extrinsic factors on resistance or virulence during an interaction has received little attention. The possibility that natural enemies could increase their virulence in the presence of competing genotypes has only circumstantial backing (Elliot et al. 2002b) or evidence to the contrary (Read et al. 2002) . There is better evidence of abiotic factors, particularly ambient temperature, affecting the progress and outcome of victim-enemy interactions (Fellowes et al. 1999; Stacey et al. 2002; and see below) . Here, we consider a system in which a fluctuating thermal environment, mediated by host thermoregulatory behaviour (including behavioural fever), determines the course of a host-pathogen interaction.
In recent years, there has been considerable interest in biocontrol of locusts and grasshoppers (Orthoptera) using fungal pathogens (Lomer et al. 2001) . The most significant advance has been the development of biopesticides containing the naturally occurring fungal pathogen of orthopterans, Metarhizium anisopliae var. acridum (Metarhizium flavoviride Gams and Rozsypal (Driver et al. 2000) ) (Lomer et al. 2001) . Whilst numerous laboratory and field trials have demonstrated efficacy of these biopesticides in locust and grasshopper biocontrol, the speed of kill following application is highly variable (Hunter et al. 1999; Langewald et al. 1999; Lomer et al. 1999 Lomer et al. , 2001 ). This has been found to be due not to poor quality product or application, but to variable ambient temperatures and host thermoregulatory behaviour (Blanford et al. 1998 Blanford & Thomas 1999a Scanlan et al. 2001) .
Three processes contribute to the influence of ambient temperature in interactions between Orthoptera and fungal pathogen interactions (Carruthers et al. 1992; Inglis et al. 1996; Blanford & Thomas 1999a ). First, temperature has a direct effect on the ability of the pathogen to infect and grow within the host (Thomas & Jenkins 1997;  figure 1) . Thus, M. anisopliae var. acridum grows best (and is most virulent) around 27-30°C. However, most orthopterans (especially those targeted for biocontrol) are active behavioural thermoregulators and, like many other ectotherms, select a thermal environment close to a desired body temperature and then make subtle adjustments in posture to balance heat loss and gain. Given suitable environmental conditions, this regulatory behaviour allows orthopterans to maintain their body temperature close to 38-40°C for large parts of the day (Carruthers et al. 1992; Lactin & Johnson 1996 Blanford & Thomas 1999a,b) . As the upper threshold for M. anisopliae var. acridum growth is ca. 37°C (Thomas & Jenkins 1997 ; figure 1), maintenance of such body temperatures through thermoregulation restricts pathogen growth inside the host, leading to substantial delays in fungus-induced mortality (Inglis et al. 1996 (Inglis et al. , 1997a Blanford & Thomas 1999b . This effect is compounded by the third factor, host behavioural fever, whereby orthopterans can elevate their body temperatures to 42-44°C in response to disease challenge (Inglis et al. 1996; Blanford et al. 1998; Blanford & Thomas 1999a  figure 1 ). These fever temperatures are further above the pathogen's upper growth threshold and may increase the functioning of the host's immune system (R. M. Ouedraogo, personal communication). For Metarhizium, however, these temperatures are not lethal and there is no evidence of orthopterans curing themselves through fever (although high body temperatures can eliminate other fungal pathogens (Carruthers et al. 1992) ). Thus, the pathogen still has the potential to kill the host if ambient temperatures return to permissive levels. The overall speed of kill (and indeed whether the pathogen ultimately kills the host at all) is, therefore, critically determined by daily temperature fluctuations: for example, the degree to which daytime periods of thermoregulation, with nil pathogen growth or even decay, balance growth at night when hosts cannot thermoregulate (Blanford & Thomas 1999a . What remains unclear, however, is the extent to which fever itself provides additional survival advantages to the host above and beyond normal thermoregulatory behaviour; the normally (Kluger et al. 1975; Covert & Reynolds 1977; Watson et al. 1993) and ectotherms have been used as models to explore the adaptive value of (physiological) fever to endotherms (Kluger 1978; Banet 1986; Blatteis 1986) . While this approach has been criticized as extrapolative (Blatteis 1986) , it can still provide insights into a parallel phenomenon which employs some similar physiological pathways (Kozak et al. 2000) . Experiments designed to examine the effects of fever have tended either to limit fever using antipyretic drugs (generally for endotherms) or to restrict fever by fixing available ambient temperatures at set-points (for ectotherms). The results for endotherms have been inconclusive (Blatteis 1986 ). For ectotherms, while some studies indicate fitness benefits, to our knowledge no study has clearly demonstrated the adaptive value of fever in terms of fitness correlates such as survival and reproduction using natural routes of infection (as opposed, for example, to invasive injection), allowing animals to regulate their body temperatures themselves, and using a system where fever has been shown as a natural response in the field (Kluger et al. 1975; Covert & Reynolds 1977; Louis et al. 1986; Boorstein & Ewald 1987) . Critically, while the ability to thermoregulate has been shown to have fitness benefits for infected animals (e.g. Blanford & Thomas 2001) , to our knowledge no study to date has attempted to partition the effect of behavioural fever from normal thermoregulatory behaviour.
In this study, we examine whether fever (in this instance a behavioural trait) is adaptive to the host and what the consequences are to the pathogen. To investigate this we used the desert locust, Schistocerca gregaria (Forskål), and the fungal pathogen, M. anisopliae var. acridum. We allowed the pathogen to infect through its natural process of germination and penetration of the cuticle and permitted the locusts to thermoregulate freely, but limited the temperature maxima they could reach, in order to partition the effects of normal preferred body temperatures from enhanced fever temperatures. We then assessed survival and reproduction as estimates of host fitness. We hypothesized that the fluctuating thermal environment (mediated by thermoregulatory behaviour) would determine the progress and outcome of the interaction, that fever would be adaptive to infected hosts, and (parsimoniously) that fever would have negative fitness consequences for the pathogen. We interpret our results in terms of the probable pattern of selection on pathogen virulence and host resistance (fever).
MATERIAL AND METHODS

(a) Experimental design
The study comprised four replicate blocks of six treatments. Each replicate consisted of a cage with 10 male and 10 female 5th instar S. gregaria, acquired as 4th instars (Blades Biological, Edenbridge, Kent, UK) and inoculated 2 to 5 days after moulting to 5th instar. Blocks were staggered to start on different dates over a 4 day period, ensuring a similar physiological age for each animal and allowing at least 10 days for infections to establish before final moult to adults. Locusts in infected treatments were inoculated with 2 × 10 4 conidia of M. anisopliae var. acridum (IMI 330189, the strain used in one of the locust biopesticide products) in 2 µl of peanut oil applied to the base of the dorsal pronotal shield with a micropipette (Prior et al. 1995) . This process of inoculation allows for the dose to be controlled but still requires that the fungus invade the host through natural mechanisms of infection (i.e. germination of conidia, production of appressoria, growth of penetration peg, action of cuticle degrading enzymes, etc. (Clarkson & Charnley 1996) ). Controls were similarly treated with blank peanut oil. Locusts were then placed in aluminium cages with perforated floors and glass fronts. These were held in a climate room set at 20°C (±1°C), a temperature at which pathogen growth is intermediate (Thomas & Jenkins 1997;  figure 1 ).
Each cage was fitted with a light bulb three-quarters of the way up the back wall. Different bulb wattages were used to generate three daytime thermal regimes: 40 W for 'optimal', 25 W for 'suboptimal' and 12 W for 'poor'. These treatment names were ascribed to relate to the body temperatures which an infected locust could achieve, the optimal treatment allowing fever temperatures, suboptimal allowing normally preferred (but not fever) temperatures, and poor limiting locusts below their normally preferred range (figure 1). Body temperature maxima were limited by restricting the degree to which locusts could bask near the bulb, using galvanized steel mesh (6 mm square grid) placed around each bulb and taped to the cage wall as a shield to keep locusts at least 2 cm away from the bulb. Plastic mesh sheets were placed in each cage as a climbing frame, from floor to ceiling and cut out around the bulb shield. A thermal gradient was thus created, allowing locusts to select temperatures within the restrictions set by the treatments. Under these conditions, Metarhizium-infected S. gregaria will attempt to thermoregulate to fever temperatures (e.g. Blanford & Thomas 1999a) . Cage bulbs were set on timers to allow 9 h daytime thermoregulation with the remaining time at the background room Proc. R. Soc. Lond. B (2002) temperature of 20°C (± 1°C). Dawn and dusk lighting were simulated for 1 h 30 min before and after 'daytime', using two sets of three 60 W bulbs in room corners. To check the body temperatures achievable, live locusts were secured with cotton thread in various positions in the cages (see below) and left for ca. 30 min for body temperatures to stabilize. Temperatures were recorded using a copper-constantan thermocouple (diameter 0.125 mm) linked to a digital thermometer, the thermocouple tip inserted in the thorax to a depth of 2 mm (Blanford & Thomas 1999a) . The positions and the recorded temperatures are shown in figure 2.
The locusts were fed ad libitum on a diet of ca. 12 day old wheat seedlings, replaced daily, and wheat bran. Mortality and moulting were scored daily, including whether death was before, during or after moult. Adults were assessed for whether any defects had been acquired during moult. To assess the presence of haemocyte nodules (aggregations of haemocytes around foreign particles such as Metarhizium hyphal bodies) in shed cuticles, half the thoracic section of each was mounted on a slide in lactophenol cotton blue for microscopic examination. Dead locusts were placed on filter paper in aerated Petri dishes for 2 days at 20°C to allow development of the red coloration characteristic of Metarhizium colonization of cadavers. The filter paper was then moistened with sterile distilled water to see if Metarhizium sporulated from the cadavers or if they were colonized by bacteria. The experiment ran for 53 days post-inoculation, whereupon cage bulbs were switched off to leave a constant temperature of 20°C: locusts which subsequently died and sporulated were taken to have remained infected until the end of the experiment.
Once mating had been observed in the cages, trays of moist sterile sand were placed in the two optimal treatments (very few treated animals were left in the other thermal regimes) and left for ca. 4 days to allow oviposition. For logistical reasons it was not possible to quantify production of viable offspring but whether any hatchlings emerged was noted.
(b) Observations of thermoregulatory behaviour
On days 5 and 6 post-inoculation (having allowed time for the infection to establish), hourly observations of the positions of each locust were made during the day, beginning 30 min before cage bulbs came on in the morning. Locusts were recorded as being in one of four zones: on the bulb shield, within 15 cm of the shield, on the plastic mesh or cage walls/roof, or on the cage floor (usually feeding) (see figure 2) . The body temperatures (see above) were taken from the borders of these zones, including the hottest and coolest parts of the cage (on top of the bulb shield and on the cage floor near the front).
RESULTS
(a) Behavioural observations
The positions of locusts within the cages on days 5 and 6 post-inoculation are summarized in figure 3 . Pairwise comparisons were made with two-tailed sign tests, equal values removed to give n comparisons (Sokal & Rohlf 1995, p. 444) . Observations made before the bulbs came on were excluded from analyses. In each thermal regime, infected locusts spent less time feeding than their uninfected counterparts ( p Ͻ 0.01, n optimal = 61, n suboptimal = 61, n poor = 63), consistent with previous observations (Moore et al. 1992; Seyoum et al. 1994) . In comparisons of the three control treatments, locusts spent less time raising their body temperatures on the hottest bulbs (optimal Ͻ suboptimal, p Ͻ 0.01, n = 72; optimal Ͻ poor, p Ͻ 0.01, n = 69). These results confirm that the availability of preferred ambient temperatures during the day was unrestricted in the optimal regime, while healthy insects were striving to raise or keep their body temperatures at 38-39°C in the suboptimal and poor treatments. In the optimal treatment, infected locusts spent more time on the shields than did the controls ( p Ͻ 0.01, n = 71), implying that they spent more time basking so as to achieve fever temperatures. In the suboptimal treatment there was no significant difference between infected and uninfected locusts ( p Ͼ 0.05, n = 72), implying that healthy insects could only just reach their preferred body
Proc. R. Soc. Lond. B (2002) temperatures (figures 1 and 2) and infected insects had to accept the same (suboptimal) temperatures. In the poor treatment, infected locusts spent less time close to the heat source than did the controls (p Ͻ 0.01, n = 71). The thermal regimes were, therefore, as intended. The behaviour of infected locusts in the poor treatment is discussed below.
(b) Locust survival Only four of the 234 uninfected control locusts died within the 53 days for which the experiment ran (figure 4), giving median or mean survival times of over 53 days for pooled replicates (Kaplan-Meier survival analyses, Spss for Windows v. 6.1). By contrast, the only infected locusts to survive to the end of the experiment were seven out of the 81 animals in the optimal treatment. Estimated median survival times were 8 days (95% CI of 8 days) in the poor treatment, 15 days (95% CI of 13-17 days) in the suboptimal treatment and 21 days (95% CI of 20-22 days) in the optimal treatment (all significantly different from one another and from corresponding controls, by pairwise log-rank comparisons p Ͻ 0.000 05). Variation in survival time (95% CI) of infected insects was greatest in the suboptimal thermal regime, indicating that variation between cages in available body temperature maxima was most critical in the range spanning normal and fever temperatures. (For the suboptimal treatments, the maximum body temperature of 44.3°C given in figure 2 was a control cage: maxima for cages with infected locusts were 39.5, 41.5, 42.9 and 43.0°C, i.e. generally at or below fever temperatures of 42-44°C. Critically, these measurements were made on the hottest part of the shields in a very limited area directly above the bulbs, so the maxima would only have been achievable by a few locusts at a time, compared with the optimal treatment where fever temperatures were available to all locusts throughout the day.) The seven infected animals which survived to the end of the experiment died within three days once the cage bulbs were switched off, their cadavers sporulating once in humid conditions. They had, therefore, not rid themselves of the infection despite being able to fever for 53 days. That said, haemocyte nodules were found on all of the shed cuticles of infected locusts which moulted, and on none of the uninfected locusts. These structures represent the encapsulation of foreign particles as a component of the host's immune response, implying that some Figure 4 . Effect of thermal environment on survival of infected and uninfected locusts. Shown is the proportional survival of 5th instar Schistocerca gregaria which were either inoculated with Metarhizium anisopliae var. acridum or were uninfected, and then were held in locust cages with heat sources which provided a thermal environment either poor, suboptimal or optimal for thermoregulation of infected locusts to fever temperatures (open squares, poor infected; open diamonds, suboptimal infected; open circles, optimal infected; filled squares, poor control; filled diamonds, suboptimal control; filled circles, optimal control). shedding of pathogen may have occurred at moult, but not sufficient to cure the host.
(c) Locust moulting
The median onset of moult was delayed 2 to 3 days in infected insects compared with controls (excluding deaths prior to moult), in both suboptimal and optimal regimes (Kaplan-Meier survival analysis in Spss, with log-rank comparisons at p Ͻ 0.000 05). Of the infected locusts, all those in the poor treatment died before moulting to adults (table 1). Of those in the suboptimal treatment, 48% died prior to moulting, 20% during moulting and 32% subsequently as adults. For the locusts in the optimal treatment, none died before moulting, 6% died during moulting, while 85% died as adults and 9% survived to the end of the experiment. A 3 × 4 test of independence (Sokal & Rohlf 1995, p. 737) , showed these frequencies to be associated with thermal regime (p 0.001 as G = 246.6 is greater than 2 0.001[6] = 22.5). Locusts which died during moulting ranged from animals which had only begun to shed the cuticle from the abdomen to animals which had moulted but remained with the cuticle attached, usually to their wings, debilitating them. Every infected locust which managed to moult had distorted wings and sometimes legs. This ranged from heavily stunted and crinkled wings to cases where the wings were not folded correctly, so collecting excretia in the tips. In the suboptimal treatment, death usually followed within three days of moulting, while in the optimal treatment death was on average 8 days later, although some individuals survived much longer.
Proc. R. Soc. Lond. B (2002) (d ) Locust reproduction
The infected insects which survived into adulthood subsequently matured, mated and oviposited ca. 30 days postinoculation, producing substantial numbers of offspring. These numbers were not assessed for logistical reasons but there was no difference from controls apparent (subsequent repetition of the two optimal treatments with hatchling counts supports this (Elliot et al. 2002a) ).
(e) Pathogen sporulation
Almost all (99%) of the infected locusts which died prior to moulting turned red, indicative of complete colonization of the cadaver by Metarhizium, and sporulation was observed over the whole body after subjection to humid conditions (figure 5a). Most (67%) animals which died during moulting had developed a black coloration prior to death, indicative of secondary bacterial infection, and did not sporulate in humid conditions but simply putrified. An additional 24% also went black and putrified but sporulated partially, this being restricted to the extremities of the locusts (the antennae, legs and wing buds). The remaining 9% sporulated completely. Of the adults which died, 13% did not sporulate at all, 25% sporulated partially and 62% sporulated completely. Of these, only those which died shortly after moulting putrified, while those that died later were more likely to sporulate partially or completely. Treating these same data with respect to the thermal regimes (figure 5b), Metarhizium sporulation from cadavers was 100% complete in the poor regime, and 64-65% complete and 18-21% partial when locusts were given suboptimal or optimal thermal conditions. These data were subjected to 3 × 3 tests of independence (Sokal & Rohlf 1995, p. 737) which demonstrated that frequency of sporulation was not independent of treatment ( p 0.001 as G = 55.6 is greater than 
DISCUSSION
This study was intended to explore the critical role of ambient temperature in a host-pathogen interaction as mediated by host thermoregulation and behavioural fever, and to test the adaptive value of fever to the host and the fitness consequences to the pathogen. Experimental conditions were set such that for 15 h during the night, ambient temperatures permitted pathogen growth within the locust host (see Thomas & Jenkins 1997;  figure 1 ). For 9 h during the day, the locusts could thermoregulate but only to imposed maxima (confirmed by measurements of body temperatures and behavioural observations of locusts). This set-up allows discrimination between effects of normal thermoregulatory temperatures which are already very high for the pathogen, and increased behavioural fever temperatures on the host-pathogen interaction.
(a) Locust behaviour
While the behavioural observations of locust thermoregulation were primarily intended to confirm that the thermal regimes were as planned, the observation that infected locusts in the poor treatment spent less time near to the bulb than did the controls is curious. One explanation is that under this thermal regime which clearly favoured pathogen growth, locusts were too sick 5 and 6 days postinoculation to thermoregulate effectively. An intriguing alternative possibility is that this represents afebrile behaviour, with the hosts attempting to limit pathogen growth Proc. R. Soc. Lond. B (2002) by thermoregulating to body temperatures below the pathogen's optimum of 28°C. An afebrile response has been demonstrated in bumble-bees infected with parasitoids (Mü ller & Schmid-Hempel 1993) but not, to our knowledge, in orthopterans. This is the subject of future study.
(b) Adaptive value of behavioural fever
For the infected locusts in this experiment, the ability to thermoregulate was crucial for any chance of survival. Without this, as in the poor treatment, death due to mycosis was rapid. Allowed to reach body temperatures which are preferred by healthy hosts but not allowed to fever freely (the suboptimal treatment), locusts survived for longer but still died before reproduction. The large variation in survival times for the suboptimal treatment highlights the sensitivity of the host-pathogen interaction to slight variations in temperature around the interface between normal and fever temperatures. Critically, when behavioural fever was unrestricted, some locusts were able to moult, mature and reproduce. Previous studies have either demonstrated benefits to the host of active thermoregulation but without discriminating between normal thermoregulatory behaviour and fever (e.g. Inglis et al. 1997b; Blanford & Thomas 2001) or have used set-point thermal regimes which mimic elevated body temperatures (e.g. Inglis et al. 1996) . We therefore believe this study to be the first demonstration of the effects of behavioural fever per se, on host fitness. How this result translates exactly to fitness under the range of possible conditions that might be experienced in the field is unclear. Factors such as pathogen dose, timing of infection, day length (influencing duration and extent of the fever response) and night-time temperatures (particularly whether they allow for significant periods of pathogen growth or not), will all combine to determine the ultimate course of an infection. Notwithstanding this, in our experimental system, fever was necessary to achieve some measurable fitness. As Metarhizium is not transmitted vertically, this fitness benefit is not compromised by transfer of infection to the offspring.
Injection of S. gregaria with the fungal wall protein laminarin has been shown to stimulate individuals to select fever temperatures (K. Charnley, personal communication), implying that behavioural fever is under the control of the host. This supports the hypothesis that behavioural fever is a (host-mediated) adaptive response to infection. Interestingly, however, despite being able to fever, no locust was able to cure itself of the infection. The presence of haemocyte nodules (perhaps containing fungus particles) on the interior of ecdysed cuticles indicates that locusts may be able to shed pathogen at moult, but whether they can eliminate the pathogen altogether through successive moults if infection occurs at an earlier developmental stage is unclear. This, together with the observed delay in moulting in infected locusts are subjects of ongoing investigation.
(c) Fitness consequences of fever to the pathogen If fever is adaptive for an infected host, then the first expectation must be that it negatively affects the pathogen's fitness. In the regimes where the host could thermoregulate very little (poor) or only to normally preferred body temperatures (suboptimal), comparison of sporulation of Metarhizium from infected cadavers does suggest that host thermoregulation has negative consequences for the pathogen; thermoregulating insects showed a significant reduction in percentage of sporulation with many cadavers lost to competing bacteria. Allowing locusts to elevate their body temperatures to the higher fever temperatures (optimal) had no additional effect on pathogen sporulation, however. Bacterial infection was an uncontrolled factor in this experiment but the phenomenon has been observed in other Orthoptera during field trials with the locust biopesticide, particularly during moulting (S. Blanford and S. L. Elliot, personal observation). Even with these secondary infections, the effect of thermoregulation and fever on pathogen fitness is much less than the effect on host fitness (for whom no thermoregulation is catastrophic). Therefore, while there may be selection on the pathogen to prevent thermoregulation and kill the host rapidly, this selection is expected to be considerably weaker than the pressure on the host to fever. However, for pathogens less able to resist elevated fever temperatures (e.g. the fungus Beauveria bassiana), the hypothesis probably does hold (Inglis et al. 1996) .
(d ) Conclusions
We have demonstrated that ambient temperatures, mediated by host thermoregulatory behaviour, can be critical in determining the progress and outcome of a host-pathogen interaction and that host behavioural fever is adaptive. We are currently investigating the costs of this defence mechanism. In addition, we expect selection on the pathogen to counteract behavioural fever to be weak.
The body of theory on the evolution of resistance and virulence has implicitly assumed these parameters to be fixed over the lifetime of a victim-enemy interaction. The results of the current study (and others such as Tanada & Chang 1968; Carruthers et al. 1985 Carruthers et al. , 1992 Inglis et al. 1997b; Karban 1998; Blanford & Thomas 1999a; Fellowes et al. 1999) , are clearly a challenge to this assumption and make a strong case for the incorporation of variable environmental conditions, particularly temperature, in theoretical and empirical work on victim-enemy interactions.
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